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ABSTRACT The mechanism of proton transport around the Schiff base in bacteriorhodopsin was investigated by ab initio
molecular orbital (MO) calculations. Computations were performed for the case where there is a water molecule between the
Schiff base and the Asp residue and for the case where there is no water molecule. Changes in the atomic configuration and
potential energy through the proton transport process were compared between two cases. In the absence of water, the
protonated Schiff base was not stable, and a proton was spontaneously detached from the Schiff base. On the other hand,
a stable structure of the protonated Schiff base was obtained in the presence of water. This suggests that the presence of
a water molecule is required for stability in the formation of a protonated Schiff base.
INTRODUCTION
Bacteriorhodopsin (Lanyi, 1993) is an integral membrane
protein that was found in Halobacterium salinarum. It is
known to have a seven-transmembrane helical structure
(Henderson and Unwin, 1975) and to function as a light-
driven proton pump. That is, light absorption in bacterio-
rhodopsin induces the transport of protons outside the cell,
and the reaction cycle is completed within 10 ms (Oes-
terhelt and Stoeckenius, 1973). Six intermediates, labeled J,
K, L, M, N, and O, have been detected in the reaction cycle
by spectroscopic studies (Lozier et al., 1975; Va´ro´ and
Lanyi, 1991).
Recent developments in experimental techniques such as
x-ray diffraction (Luecke et al., 1998) and Fourier transform
infrared spectroscopy (Maeda et al., 1997) have made it
possible to collect more detailed information on the proton
transport mechanism during the photochemical reaction cy-
cle. The seven transmembrane helices in bacteriorhodopsin
make an internal cavity for the proton transport pathway and
a binding pocket for a retinal chromophore. The retinal is
bound to the -amino group of Lys216, forming a protonated
Schiff base structure. The retinal chromophore is a mixture
of all-trans and 13-cis, 15-anti isomers in the dark. Only an
all-trans bacteriorhodopsin contributes to proton transport
in the reaction cycle induced by light absorption. Two
important amino acid residues exist on both sides of the
Schiff base: Asp96 on the cytoplasmic side and Asp85 on the
extracellular side. These Asp residues have the ability to
accept a proton, and they significantly contribute to the
system for proton transport across the membrane via the
Schiff base.
A photochemical reaction cycle of bacteriorhodopsin be-
gins with light-induced isomerization of the retinal from the
all-trans to the 13-cis configuration (Pettei et al., 1977;
Braiman and Mathies, 1982), which produces the L state
through the J and K intermediates. The proton of the Schiff
base is transferred to Asp85 in the extracellular region (Sub-
ramaniam et al., 1992), producing an unprotonated state of
the Schiff base (M state). Another proton is transferred to
the Schiff base from Asp96 in the cytoplasmic region (Otto
et al., 1989), which makes the Schiff base protonated again.
This state is called the N state. Afterward, the retinal be-
comes an all-trans state in O and then returns to the initial
state.
In this work we focused on two thermal steps in the
proton transport cycle, the L-to-M and M-to-N processes,
both of which are strongly related to the protonation of the
Schiff base. To understand the proton transport mechanism
around the Schiff base, the reaction was investigated using
quantum chemical theoretical calculations. The results clar-
ified that a water molecule existing between the Schiff base
and the Asp residues has the role of maintaining a stable
configuration of the protonated Schiff base and that the
water molecule is indispensable for the reprotonation pro-
cess of the Schiff base in the M-to-N conversion. The results
also suggest that computations taking account of the dielec-
tric constant in protein make possible a reasonable evalua-
tion of the potential energy for the proton transport reaction.
METHODS
Modeling the reaction system
Construction of the model molecular system used in the present calcula-
tions was based on the three-dimensional atomic structure of bacteriorho-
dopsin (Protein Data Bank, entry code 2BRD) proposed by Grigorieff et al.
(1996). To represent the atomic geometry involving the proton transport
around the Schiff base, the retinal molecule and Lys216, and Asp85 residues
were extracted from the Grigorieff data. In the Grigorieff data, however,
the retinal molecule has an all-trans conformation. Because the proton
transfer reaction was known not to occur with the all-trans retinal, we
converted the retinal molecule into the 13-cis conformation. Because of the
limitation of the size of the model molecular system, some parts were
simplified. Namely, C13 of the retinal was replaced by a methylene group,
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and C of Asp
85 and C of Lys
216 were replaced by methyl groups. This
operation created the Asp residue CH3—COO
 and the Schiff base
CH2ACH—CHANH
—CH3.
It has already been proposed that there is a water molecule between the
Schiff base and the Asp residue (Cao et al., 1991; Maeda et al., 1994). In
the present study, to clarify the role of this water molecule, we investigated
differences in the model molecular system with and without the water
molecule, as shown in Fig. 1. The two model systems represent the
situation that the Schiff base is directly hydrogen-bonded to the Asp
residue if the water molecule is not present (Fig. 1 i), whereas the Asp
residue is connected to the Schiff base through a hydrogen-bonded water if
the water molecule is present (Fig. 1 ii).
Computational procedure
Quantum chemical calculations were performed using a basis functional
set, 6–31G**. The Schro¨dinger equations for the model molecular systems
were solved by the Hartree-Fock (HF) method. The minimum points and
the saddle point on the potential energy hypersurface were obtained by
geometry optimization with the energy gradient method. Computation for
frequency analysis was further performed for the structure of the saddle
point, because the vibration of the molecular system in the transition state
of the reaction must contain only one imaginary frequency. The steepest
descent paths from the saddle point were calculated in both directions,
following the normal vibrational mode of the imaginary frequency, which
provided the lowest energy reaction path connecting a reactant and a
product via the transition state. This reaction path is expressed in the
mass-weighted intrinsic reaction coordinate (IRC).
To reproduce the environment inside the protein, computations were
also performed, using the technique proposed by Onsager (1936). That is,
the potential energy changes along the lowest energy reaction path were
reestimated by taking into account the effect of the dielectric constant in
the protein.
Because the electron correlation is not incorporated into the HF method,
additional computations have been carried out, using the density functional
theory (DFT). In the DFT calculations, the exchange energy was computed
by the gradient-corrected formula developed by Becke (1993), and the
correlation energy was computed with the formula developed by Lee et al.
(1988). The computational program used was Gaussian 94 (Frisch et al.,
1995).
RESULTS
Proton transport reaction without a
water molecule
To find the atomic structures of the reactant and the product
of the proton transport reaction, geometry optimizations
were performed, using the model molecular system without
a water molecule between the Schiff base and the Asp
residue (Fig. 1 i). The atoms indicated by * in Fig. 1 are
restricted to fixed positions during the calculations. Fig. 2 A
shows the optimized structure, in which the Schiff base is
unprotonated. The N atom of the Schiff base accepts a
hydrogen bond from the O atom of the carboxyl side chain
of the Asp residue. The stable structure was not obtained for
the case where the Schiff base is protonated, which suggests
that the Schiff base prefers to be unprotonated energetically.
The structure in Fig. 2 B is obtained when the N-H distance
is fixed at 1.00 Å. If no constraint in the N-H distance is
applied, a proton is transferred to the Asp residue with a
structural change from Fig. 2 B to Fig. 2 A, and the potential
energy monotonically decreases by 24.0 kcal/mol.
Proton transport reaction with a water molecule
Geometry optimizations using the model molecular system
shown in Fig. 1 ii revealed that the structures of the reactant
and the product are stable in case where a water molecule is
present. The atoms indicated by * were also fixed, and
calculations were performed with the HF method. The op-
timized structures are shown in Fig. 3. Fig. 3 C shows the
structure of the protonated state of the Schiff base, and Fig.
3 D shows the structure in the situation where a proton is
transferred to the Asp residue. In Fig. 3, C and D, the N
atom of the Schiff base accepts a hydrogen bond from the
water molecule, which in turn accepts a hydrogen bond
from the carboxyl side chain of the Asp residue.
FIGURE 1 Model molecular sys-
tems for the case (i) where there is no
water molecule between the Schiff
base and Asp85 and for the case (ii)
where a water molecule is present. The
Schiff base and the Asp residue are
represented by CH2ACH—
CHANH—CH3 and CH3—COO
,
respectively. The atoms indicated by *
are restricted to fixed positions during
geometry optimization.
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A comparison of the potential energies of these two
structures shows that the potential energy of the structure in
Fig. 3 C is 33.6 kcal/mol higher than that in Fig. 3 D, which
suggests that the unprotonated state of the Schiff base has an
energetic advantage. The potential energy change from
structure 3 C to structure 3 D, however, does not show a
monotonic decrease. That is, there is a potential energy
barrier to this reaction, which is a remarkable difference
from the case in which a water molecule is not present. A
geometry optimization, used to search for the saddle point,
gave the structure of the transition state, as shown in Fig. 4
E. The results of frequency analysis indicated that this
structure had only one vibrational mode corresponding to an
imaginary frequency. The vibrational mode is shown by the
arrows in Fig. 4 E.
Based on the results of frequency analysis, so-called IRC
were performed for both the forward and reverse directions
of the vibrational mode calculations to find the steepest
FIGURE 2 Optimized structures in the absence of a water molecule. (A) Structure of the unprotonated state. (B) Protonated state of the Schiff base under
the constraint of a fixed N-H bond distance of 1.00 Å. The values represent the interatomic distances in Å.
FIGURE 3 Optimized structures in
the presence of a water molecule. (C)
Structure of the protonated state of the
Schiff base. (D) Structure of the un-
protonated state. The values represent
the interatomic distances in Å.
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descent paths. The lowest energy reaction path connecting
the reactant and the product was obtained (Fig. 5). Stable
structures obtained by IRC calculations were confirmed to
be identical to those in Fig. 3, C and D. The potential energy
difference measured from the transition state is 0.5 kcal/mol
for the protonated structure (Fig. 3 C) and 34.1 kcal/mol for
the unprotonated structure (Fig. 3 D) in the HF level.
In the reaction path for deprotonation of the Schiff base,
there appears to be an inflection point in its potential energy
curve. The structure corresponding to this inflection point F
is also shown in Fig. 4. In structure F, a proton released
from the Schiff base approaches the O atom of the water
molecule, resulting in the formation of a protonated water
molecule, H3O
. With further progress of the deprotonation
reaction, one of the H atoms is released from the water
molecule and is transferred to the Asp residue to be bound
to the O atom of the carboxyl side chain.
Effect of the dielectric constant in protein
For the purpose of improving the calculation by considering
the environment inside the protein more exactly, the reac-
tion path for the case where water is present was recalcu-
lated, taking into account the dielectric constant in protein.
According to the Onsager reaction field method (Onsager,
1936), the model molecular system should be placed in a
spherical cavity, with radius a, surrounded by a continuous
medium of dielectric constant . In this work, the radius a
was set at 4.51 Å, which was determined from the volume
of the model molecular system. It has been reported that a
dielectric constant of 20 is appropriate for the investigation
a system that is surrounded by many ionized components in
protein (Antosiewicz et al., 1996; Sham et al., 1998). There-
fore, the dielectric constant  was set at 20 in this study.
Calculations were performed in the same manner as the
previous calculations. Geometry optimizations using the
model molecular system of Fig. 1 ii with fixed atoms gave
stable structures for the reactant and the product, as shown
in Fig. 6. C is the structure of the protonated state of the
FIGURE 4 Optimized structure for the transition state (E) in the presence of a water molecule. Structure F corresponds to the inflection point in the
potential energy curve of Fig. 5. The values represent the interatomic distances in Å. The vibrational mode corresponding to an imaginary frequency is
indicated by arrows.
FIGURE 5 The potential energy curve along the lowest energy path for
the proton transport reaction. The abscissa represents the intrinsic reaction
coordinate (IRC), and the ordinate represents the potential energy. The
activation energy for the deprotonation reaction is 0.5 kcal/mol, and the
stabilization energy is 33.6 kcal/mol.
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Schiff base and D is the structure of the deprotonated state.
In both C and D, the N atom of the Schiff base is
connected to the O atom of the carboxyl side chain of the
Asp residue through a hydrogen-bonded water. The poten-
tial energy of C is 4.4 kcal/mol higher than that of D,
which again suggests that the unprotonated state of the
Schiff base has an energetic advantage. However, the en-
ergy difference between the protonated and unprotonated
structures is small compared to the result obtained without
considering the effect of the dielectric constant. The poten-
tial energy change from C to D is not a monotonic de-
crease but has an energy barrier. Hence geometry optimi-
zation was carried out to search for the saddle point. The
optimized structure of the saddle point (E) is also shown in
Fig. 6. The results of frequency analysis confirmed that this
structure is appropriate for the transition state. The vibra-
tional mode corresponding to an imaginary frequency is
indicated by the arrows.
IRC calculations were performed for both directions of
the reactant and the product to the vibrational mode, ob-
tained by frequency analysis. Accordingly, the lowest en-
ergy reaction path was obtained (Fig. 7). The potential
energy difference measured from the transition state is 16.9
kcal/mol for the protonated structure (C) and 21.3 kcal/mol
for the deprotonated structure (D).
Effect of the inclusion of electron correlation
Computational results shown in Figs. 2–7 were obtained by
the HF method. To check the influence of electron correla-
tion, the proton transport process in bacteriorhodopsin has
been recalculated by the DFT method with an Onsager
reaction field (  20) for the case where water is present.
Fig. 8 shows the optimized structure for the reactant (C),
the transition state (E), and the product (D). Atomic ge-
ometries of these structures determined by the DFT method
appear to be consistent with those determined by the HF
method. That is, C represents the protonated state of the
Schiff base, and D is the unprotonated state. The structure
E is also confirmed to be appropriate for the saddle point
from the frequency analysis. The potential energy of the
FIGURE 6 Optimized stable structures in the presence of a water molecule, obtained by taking into account the effect of the dielectric constant in protein.
C is the structure of the protonated state of the Schiff base, E is the structure of the transition state, and D is the structure of the unprotonated state. The
vibrational mode corresponding to an imaginary frequency is indicated by arrows in E.
FIGURE 7 The potential energy curve along the lowest energy path for
the proton transport reaction, obtained by taking into account the effect of
the dielectric constant in protein. The abscissa represents the intrinsic
reaction coordinate, and the ordinate represents the potential energy.
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unprotonated structure (D) is lower than that of the pro-
tonated structure (C) by 5.7 kcal/mol, as seen in the poten-
tial energy curve of Fig. 9. The potential energy barrier is
3.9 kcal/mol measured from the protonated state and 9.6
kcal/mol from the unprotonated state.
Computations without geometrical restriction
Computations in the above subsections were performed
under the restriction in which several atoms (indicated by *
in Fig. 1) were fixed. Because proteins have some flexibil-
ity, it is interesting to examine the proton transport reaction
when those fixed atoms change their positions slightly. The
way in which the positions can be changed, however, has
many variations, and no one set of fixed atom positions
gives a perfect representation of the protein. Instead, com-
putations without any constraint will give meaningful infor-
mation, i.e., they provide an intrinsic reactivity between the
Asp residue and the Schiff base. From this viewpoint, the
proton transport reaction has been calculated by the DFT
method with an Onsager reaction field ( 20), without the
restriction in Fig. 1 for the case where water is absent and
the case where it is present.
Fig. 10 a shows the optimized structure for the unproto-
nated state of the Schiff base in the absence of water, where
the Asp residue is bound to the Schiff base through a
hydrogen bond. The optimized structure is compatible with
the result of Fig. 2, except for a slight decrease in the N-H
distance. The stable structure was not obtained for the
protonated state, and Fig. 10 b indicates the structure when
the N-H distance is fixed to 1.09 Å.
The optimized structures for the protonated, transition,
and unprotonated states in the presence of water are shown
in Fig. 11, c, e, and d, respectively. Although the Asp
residue changed the location and was not in the upright
direction to the main chain of the Schiff base, the correlation
among the Asp residue, the Schiff base, and the water
molecule was maintained. The hydrogen atom bonded to the
N atom of the Schiff base in protonated state c is transferred
to the water molecule in the transition state e. Beyond the
transition state, another hydrogen atom is transferred to the
O atom of the Asp residue in d, which shows switching of
the O-H connections around the water molecule.
A comparison of potential energy curves for the cases in
which water is absent and water is present is presented in
FIGURE 8 Optimized structures in the presence of water, calculated while taking into account the effects of the dielectric constant and the electron
correlation. C, E, and D correspond to the protonated, transition, and unprotonated states, respectively.
FIGURE 9 The potential energy change for the proton transport reaction
shown in Fig. 8, obtained by taking into account of the effects of the
dielectric constant and the electron correlation.
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Fig. 12. In the absence of water, the energy monotonically
decreases from b to a, which indicates the instability of the
protonated state. On the other hand, there appears to be a
potential energy barrier in the presence of water. The acti-
vation energy for the proton transport is calculated to be 1.8
kcal/mol, and the transport reaction gives an energetic sta-
bilization of 8.4 kcal/mol. The reverse reaction requires an
activation energy of 10.2 kcal/mol.
DISCUSSION
Role of the water molecule
In the case where there was no water molecule between the
Schiff base and the Asp residue, the computational results
suggested that no activation energy was required for the
release of a proton from the Schiff base and that the struc-
ture of the protonated Schiff base was energetically unfa-
vorable. That is, a transfer of the proton from the Schiff base
takes place spontaneously. Therefore, generation of the N
intermediate is unlikely to occur. On the other hand, it has
been clarified from the energy curves in Figs. 5, 7, 9, and 12
that the structure of the protonated Schiff base is stable in
the case where a water molecule is present. That is, the
water molecule between the Schiff base and the Asp residue
has the role of not only providing a hydrogen bond to form
the proton transport pathway but also keeping the proton-
ated Schiff base structure stable. Assuming that the Asp
residue in the calculation is the proton donor Asp96, the
proton transport reaction corresponds to the M-to-N con-
version in bacteriorhodopsin. Consequently, the presence of
FIGURE 10 Optimized structures in
the absence of water, obtained without
geometric restriction. (a) Unprotonated
state of the Schiff base. (b) Protonation
under the constraint of a fixed N-H
bond distance of 1.09 Å.
FIGURE 11 Optimized structures in the presence of water, obtained without geometric restriction. (c, e, and d) Protonated, transition, and unprotonated
states, respectively.
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a water molecule between the Schiff base and Asp96 is
concluded to be indispensable for the protonation of the
Schiff base to generate the N intermediate structure.
In contrast, the conversion from the L to the M interme-
diate, the proton transfer to Asp85, produces an unproto-
nated state of the Schiff base. Our results indicated that the
unprotonated state is an energetically favorable structure in
any case. Hence this conversion reaction would easily pro-
ceed, regardless of whether a water molecule is present.
According to the experimental study by Cao et al. (1991),
the addition of 58% sucrose to the sample reduced the
concentration of water in the protein, which resulted in the
blockage of the proton transport cycle specifically only for
the M-to-N conversion. This is compatible with the present
theoretical results.
Stability of the N intermediate with the
protonated Schiff base
Our theoretical results clarified that the presence of a water
molecule between the Schiff base and the Asp residue is
important for keeping the protonated structure of the Schiff
base stable in the N intermediate. Our results further suggest
that the M intermediate, with an unprotonated structure, is
more stable than the N intermediate. Experimental studies
of the photochemical cycle in bacteriorhodopsin (Va´ro´ and
Lanyi, 1991; Nagle, 1991) have shown that the free energy
change due to proton transport between the Schiff base and
the Asp residue is fairly small (1.5 kcal/mol). The esti-
mated energy change in the present study was 4.4–5.7
kcal/mol (in Figs. 7 and 9), taking into account the effect of
the dielectric constant in protein, with fixed atoms for
geometry restriction. Despite the small difference between
the experimental value and the present theoretical result, the
present computations seems to provide a reasonable evalu-
ation of the potential energy during the proton transport
reaction.
Reprotonation of the Schiff base in the proton
transport cycle
It was revealed from our study that an unprotonated state of
the Schiff base is energetically more stable than a proton-
ated state. This means that the generation of the N interme-
diate from the M intermediate is unfavorable because of the
disadvantage of the protonation of the Schiff base. Never-
theless, bacteriorhodopsin effectively functions as a proton
pump to achieve proton transport to the extracellular side.
That is, reprotonation of the Schiff base is very important
for the mechanism of bacteriorhodopsin.
In regard to the above question, Fodor et al. (1988)
proposed a “C-T model” that invoked isomerization-driven
protein conformational change. The conformational change
was supposed to work like a switch for the reprotonation.
Furthermore, Brown et al. (1995) detected a conformational
change in helix F, which is one of the seven transmembrane
helices, after a proton was transferred from the Schiff base
to the proton acceptor Asp85 in the L-to-M conversion. It
seems reasonable to assume that such a conformational
change of a protein induces transformation of the local
structure around the reaction active site and promotes rep-
rotonation of the Schiff base. This point will be our next
target of investigation in the future.
Evaluation of the dielectric constant in protein
It is known that the dielectric constant in protein does not
have the same value throughout the protein but varies de-
pending on the environment at a local spot in the protein
(Laberge, 1998). For example, the dielectric constant is low
(2–4) in an area where ionized components are sparsely
distributed in protein. On the other hand, the dielectric
constant is high in an area where many ionized components
exist. According to Antosiewicz et al. (1996), the value of
pKa for ionized groups in protein was correctly estimated in
FIGURE 12 Potential energy
changes for the proton transport re-
actions shown in Figs. 10 and 11. The
potential energy curve for the case
where water is present represents the
lowest energy path in the intrinsic
reaction coordinate (IRC).
Mechanism of Proton Transport in Bacteriorhodopsin 989
Biophysical Journal 79(2) 982–991
the case where the dielectric constant was 20, whereas the
estimation was largely deviated in the case where the di-
electric constant was 4. Furthermore, Sham et al. (1998)
proposed that evaluation of the interaction of electric
charges in protein should be carried out with the dielectric
constant set to a value much higher than 4. Hence it would
be important to assess the effect of the dielectric constant on
the computational results. Our present computations have
revealed that there are stable structures for both the proton-
ated and unprotonated states of the Schiff base in the pres-
ence of water. Then the potential energy differences were
reevaluated, using several different values for the dielectric
constant. Computations for the optimization of the proton-
ated and unprotonated states were routinely carried out with
the values   1, 4, 20, and 40, using the restricted model
in Fig. 1 ii. The potential energy difference between the
protonated and unprotonated states is shown in Fig. 13 as a
function of dielectric constant, where the energy of the
unprotonated state is always lower than that of the proton-
ated state. It is noteworthy that the potential energy differ-
ence gradually decreases with an increasing dielectric con-
stant. According to an experimental report (Va´ro´ and Lanyi,
1991; Nagle, 1991), the energy change during the protein
transport in bacteriorhodopsin is fairly small (1.5 kcal/
mol). Hence computations are compatible with the experi-
ments when the dielectric constant is over 20. In this work
we also used the DFT method for the inclusion of electron
correlation. Fig. 13 further shows a energy comparison in
the DFT calculation (dashed line). The deviation of the
potential energies between the HF and DFT methods is
small, except for the case where   1.
CONCLUSIONS
Quantum chemical calculations provided the following
findings on the reaction mechanism of proton transport in
bacteriorhodopsin: 1) Concerning the conversion from the L
to the M intermediate, deprotonation of the Schiff base
easily occurs regardless of whether there is a water mole-
cule between the Schiff base and Asp85. 2) The water
molecule between the Schiff base and Asp96 has the role of
maintaining the Schiff base in a stable protonated state. This
water molecule is indispensable for the reprotonation of the
Schiff base in the conversion process from the M to the N
intermediate.
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